The crystal structures of Mg 85 Zn 6 Y 9 alloy under 3 GPa were investigated between room temperature and 973 K using in situ X-ray diffraction (XRD). In addition, the crystal structures and microstructures of Mg 85 Zn 6 Y 9 alloys that were recovered after being heated at various temperatures under 3 GPa were also investigated. The in situ XRD analysis results indicated that 10H-and 18R-type long-period stacking orders (LPSOs) were stable below 673 K under 3 GPa; however, the D0 3 and ¡-Mg structures, which were not observed at ambient pressure, emerged at 873 K in the sample under 3 GPa. When the temperature was increased to 973 K, the D0 3 and ¡-Mg phases fused. The D0 3 and ¡-Mg phases were also confirmed to be present in Mg 85 Zn 6 Y 9 alloy that was recovered after being heated at 873 K under 3 GPa. In contrast, the XRD pattern of the Mg 85 Zn 6 Y 9 alloy that was recovered after being heated at 973 K under 3 GPa indicated the presence of the 18R-type LPSO, D0 3 , and ¡-Mg structures. These results indicate that three phases®18R-type LPSO, D0 3 , and ¡-Mg®were formed during cooling from the molten state at 3 GPa. These results further suggest that the D0 3 , ¡-Mg, and 18R-type LPSO are energetically very similar under 3 GPa.
Introduction
Long-period stacking ordered (LPSO) structures with chemical concentrations in ternary MgTM (transition metal)RE (rare earth) alloys have received special attention as a new strengthening phase of alloys. 1) Mg 97 Zn 1 Y 2 alloy with an LPSO phase produced using a hot extrusion process after casting exhibits a yield strength greater than 350 MPa. 2) On the basis of scanning transmission electron microscopy (STEM) observations, four types of LPSO phases (10H, 14H, 18R, and 24R) have been identified. 3) In LPSO phases, the TMRE concentrated layers are synchronized with the stacking sequence, and additional L1 2 -type superlattice clusters are regularly aligned in the layers. 4) Crystal structure models for the 18R-, 14H-, and 10H-type LPSOs of the Mg ZnY system, which consider the in-plane order resulting from alignment of the L1 2 -type clusters in the ZnY segregated layers, have been proposed. 5, 6) Much has been learned about these LPSO structures; however, our knowledge and understanding of their phase stabilities and formation mechanisms remain limited. Iikubo et al. investigated the stability of long-period stacking in Mg using first-principles calculations. 7) According to their calculations, 2H stacking adopts the lowest energy, but the energy differences between the 2H and the others (18R-, 14H-, and 10H-type stacking) are very small. Furthermore, Saal et al. have discussed the thermodynamic stability of 18R-and 14H-type LPSOs in MgTMRE ternary alloys using the Vienna Ab-initio Simulation Package.
8) The L1 2 clusters make long-period stacking structures energetically stable.
Mg 85 Zn 6 Y 9 alloy consists primarily of the 18R-type LPSO, irrespective of the cooling starting temperature and rate. The collapse and formation of LPSOs in Mg 85 Zn 6 Y 9 alloy have been investigated using in situ small-angle X-ray scattering (SAXS) and X-ray diffraction (XRD) analyses at temperatures below 873 K and at ambient pressure. 9, 10) According to previous research, chemical and structural modulations of 18R-type LPSO in the alloy collapse at similar temperatures during heating. High-temperature phases of LPSOs have not yet been confirmed.
External pressure is another essential parameter affecting the crystal structure and microstructure of Mg 85 Zn 6 Y 9 alloy. The internal elastic energy of the system is influenced by pressure. In addition, an increase in pressure changes the relation of free energy among each crystal structure. Furthermore, the critical nucleation energy decreases and diffusion is prevented with increasing pressure. Information about the high-pressure states of Mg 85 Zn 6 Y 9 alloy would be useful for investigating the phase energetically similar to the LPSO phase.
In the present work, the effects of pressure and temperature on the crystal structure and microstructure of Mg 85 Zn 6 Y 9 alloy were investigated. The in situ energy-dispersive XRD results for Mg 85 Zn 6 Y 9 alloy under 3 GPa at selected temperatures are reported. Furthermore, the crystal structures and microstructures of samples recovered from selected temperatures under 3 GPa are also described. D0 3 and ¡-Mg structural phases emerge as a high-temperature phase of LPSOs under 3 GPa.
Experimental Methods
An Mg 85 Zn 6 Y 9 alloy ingot was prepared via conventional casting at the Magnesium Research Center of Kumamoto University. The sample comprised 18R-and 10H-type LPSO structures. 9, 10) In situ observation of the crystal structure of Mg 85 Zn 6 Y 9 alloy at selected temperatures under 3 GPa was realized via energy-dispersive XRD using a synchrotron radiation beam on the BL14B1 beamline at SPring-8 in Japan. A highpressure cell fabricated from boron nitride (BN) and pyrophyllite was used. The incident beam was reduced in size to 200 © 50 µm 2 using two slits. The diffraction angle was fixed at 5.0000°. High pressures and high temperatures were generated using a cubic-type multianvil high-pressure apparatus that was installed in the BL14B1 beamline. The pressure was determined on the basis of the unit-cell volume of MgO, 11) which was placed inside the high-pressure cell. The temperatures were measured with an R-type thermocouple.
High-pressure and high-temperature (HPHT) treatments were performed on Mg 85 Zn 6 Y 9 alloy at various temperatures between RT and 973 K under 3 GPa in the Geodynamics Research Center of Ehime University. The pressure was generated using a multianvil type high-pressure apparatus. MgO and graphite were used as a sample capsule and a heater, respectively. First, pressure was applied to Mg 85 Zn 6 Y 9 alloy; the temperature was then increased to the target temperature. The sample was maintained at the target pressure and temperature for 10 min and then cooled to room temperature. The pressure was released at room temperature. The pressure was determined using a pressureload calibration curve obtained by the electrical resistance measurement of Bi. The temperature was determined using a temperatureelectric power calibration curve created using the results obtained with a thermocouple. The crystal structures of each sample recovered from HPHT conditions were analyzed via XRD using Cu-K¡ radiation (Rigaku, RAPIDII-V/DW). The incident angle of the X-rays was fixed at 3°, and the diffracted pattern was detected using an imaging plate. The microstructure and chemical composition were investigated by scanning electron microscopy (SEM) and energy-dispersive spectroscopy (EDS: JEOL, JSM6510LV, accelerating voltage 15 keV), respectively.
Results and Discussion
The energy-dispersive XRD profiles for Mg 85 Zn 6 Y 9 alloy under various conditions are shown in Fig. 1 . The XRD peaks at ambient pressure were assigned to the 10H-and 18R-type LPSOs. As the pressure was increased to 3 GPa at room temperature, the XRD peaks gradually shifted to higher energies and broadened because of distortions of the crystal; however, no substantial changes attributable to phase transitions were observed.
The XRD profile became sharper in the case of the sample heated to 673 K at 3 GPa because of partial relaxation of distortion, whereas no essential changes occurred in the crystal structure. However, a drastic change was confirmed at 873 K. The newly emerged peaks were assigned to the ¡-Mg, Y 2 O 3 , and body-centered cubic superlattice (D0 3 ) structures. The expected peak positions are indicated below the XRD patterns in Fig. 1 . At 973 K, most of peaks except those associated with Y 2 O 3 became unclear and halos emerged, which indicated melting of the alloy. These observations led us to reasonably conclude that the LPSO structure separated into the ¡-Mg and D0 3 -type structures at temperature above 673 K and then fused at 973 K. This transformation sequence depending on temperature was not previously observed at ambient pressure. 9, 10) HPHT treatments of Mg 85 Zn 6 Y 9 alloy were performed at various temperatures under 3 GPa to investigate the crystal structure and microstructure of the Mg 85 Zn 6 Y 9 alloys recovered after being exposed to HPHT conditions. The XRD patterns of the Mg 85 Zn 6 Y 9 alloys recovered after being heated at various temperatures under 3 GPa are shown in Fig. 2 . As shown in Fig. 2(a) , the diffraction peaks of the sample recovered from 673 K under 3 GPa are attributable to the 18R-and 10H-type LPSO models reported by other researchers. 5, 6) The intensities of the low-angle peaks are lower than the calculated intensities because of selfabsorption. In contrast, in the case of the sample recovered after being heated to 874 K under 3 GPa, the XRD peaks are assigned to ¡-Mg and D0 3 -type structures (Fig. 2(b) ), which is in agreement with the in situ XRD results shown in Fig. 1 . The position and intensity of the peaks associated with the D0 3 -type structure, as shown in Fig. 2 , were calculated under the assumptions that Mg : Y = 3 : 1 and that the lattice constant is 0.706 nm. Furthermore, the peaks associated with the 18R-type LPSO, D0 3 , and ¡-Mg structures were confirmed in the XRD patterns of the sample recovered after being heated to 973 K under 3 GPa, as shown in Fig. 2(c) . Given these results and the in situ XRD results, the LPSO structure emerged from quenching of the total melting state at 3 GPa. These results together suggest that the D0 3 , ¡-Mg, and 18R-type LPSO structures are energetically very similar. Saal et al. previously proposed that the D0 3 and ¡-Mg phases should be energetically close to the LPSO structures in the MgZnY system. 8) The results of the present high-pressure experiments are in good agreement with the calculations of Saal et al. Some SEM images of the Mg 85 Zn 6 Y 9 alloys recovered after being heated under 3 GPa are shown in Fig. 3 . The microstructure of the sample recovered after being heated at 673 K, as shown in Fig. 3(a) , was similar to that of the as-cast Mg 85 Zn 6 Y 9 alloy. 12) In contrast, the microstructure of the sample recovered after being heated at 873 K obviously differed from that of samples heated at 673 K. The microstructure could be classified into three types: dendrite, submicron-width lamella, and several-micron-width granular phases, which are marked as A, B, and C, respectively, in Fig. 3(b) . The point composition analysis results by EDS for each part are presented in Table 1 . The dendrite phase labeled A is an Mg-rich phase with a minor amount of Y. This result led us to reasonably conclude that the dendrite assumes the ¡-Mg structure. The chemical compositions of B and C differed significantly from that of A. Given the XRD and EDS results, the submicron-width lamella and the severalmicron-width granular phase assume the D0 3 structure with a (Mg + Zn):Y ratio of 3 : 1. From the in situ XRD results shown in Fig. 1 for the sample heated at 873 K, clear peaks corresponding to ¡-Mg-and D0 3 -type lattices were confirmed; however, halos were not observed despite the presence of the dendrite confirmed in the SEM image. These results indicate that a semi-melting state with retention of the crystal structure was formed under these HPHT conditions. Further, the microstructure of the sample recovered after being heated at 973 K under 3 GPa differed from the that of the sample recovered after being heated at 873 K. Thin, needle-shaped grains were confirmed to be present in a region of the sample, as shown in Fig. 3(c) . Point chemical composition analyses were performed at some points; however, significant differences in chemical compositions were not detected in the present analysis, as listed in Table 1 . However XRD data for this sample, as shown in Fig. 2(c) , indicate the existence of 18R-type LPSO, D0 3 , and ¡-Mg structures. The observed chemical composition listed in Table 1 is similar to average composition of the sample. Considering from this results, the resolution of the EDS analysis in the present experiment was not sufficient to detect the composition of each phase separately in such a fine microstructure. Thus, we considered the difference in chemical composition undetectable in present experiment.
Conclusion
Temperature variations of the crystal structure of Mg 85 -Zn 6 Y 9 alloy under 3 GPa were investigated using in situ XRD. The crystal structures and microstructures of samples recovered after being heated at selected temperatures under a pressure 3 GPa were also investigated.
The present results indicate that the LPSO transformed to the D0 3 + ¡-Mg phase at 873 K and then fused at 973 K under 3 GPa. An Mg 85 Zn 6 Y 9 alloy comprising D0 3 + ¡-Mg phases without an LPSO phase was obtained by HPHT treatment at 873 K under 3 GPa of pressure. However, three phases®LPSO, D0 3 , and ¡-Mg®coexisted in the sample recovered from 973 K under 3 GPa, which means the LPSO formed during the quench from melting state, even when the sample was under 3 GPa. The phase stability of the Mg 85 Zn 6 Y 9 alloy was influenced by pressure, and the LPSO, D0 3 , and ¡-Mg phases were energetically similar when the sample was under 3 GPa. 
